[1] Paleoaltimetry based on stable isotopes (d 18 O and d 2 H) of paleowater from the central and northern Tibetan Plateau is challenged by the lack of a clear relationship between isotopic composition and elevation north of the Himalaya. In order to determine the environmental factor(s) responsible for temporal changes in isotopic composition revealed in the geologic record, an understanding of the modern controls on isotope evolution in the continental interior is necessary. Here, we present new d
Introduction
[2] Comparisons between stable isotopes of modern and paleo-waters (d 18 O and d 2 H) have been used extensively to constrain temporal changes in surface elevation and climate [Garzione et al., 2000b; Poage and Chamberlain, 2001; Rowley et al., 2001; Garzione et al., 2006; Quade et al., 2007; Saylor et al., 2009; Mulch et al., 2010] . This technique requires knowledge of how isotopes of precipitation change with elevation, which is well-defined on the windward side of many mountain ranges [Poage and Chamberlain, 2001] including the Himalaya [Garzione et al., 2000a; Karim and Veizer, 2002; Hren et al., 2009] . Using the modern isotopic lapse rate, d
18 O values from carbonates in the Himalaya suggest it attained its current elevation by the late Miocene [Garzione et al., 2000b [Garzione et al., , 2000a Rowley et al., 2001; Saylor et al., 2009] . The timing of surface uplift across the Tibetan Plateau, north of the Himalaya, has proved more difficult to constrain as there is not a clear relationship between elevation and isotopes of precipitation across the Plateau [Quade et al., 2007 [Quade et al., , 2011 . Factors other than elevation may significantly affect isotopes of precipitation north of the Himalayan crest including evaporation under arid conditions, recycling of surface water, and changes in the relative influence of moisture sources [Numaguti, 1999; Tian et al., 2001; Yamada and Uyeda, 2006; Kurita and Yamada, 2008; Hren et al., 2009] . When and how surface uplift occurred across Tibet is still relatively ambiguous due to the difficulty in interpreting isotopes of both modern and paleowater, in addition to a paucity of data from the central to northern plateau .
[3] Isotopes of modern meteoric water have been used to constrain the spatial extent and magnitude of Asian monsoon influence (both Indian and East Asian) on precipitation across the Tibetan Plateau [Araguás-Araguás et al., 1998; Tian et al., 2001; Vuille et al., 2005; Joswiak et al., 2010] , 1 although it is still not clear how temporal changes in meteoric water d
18 O are related to the monsoon [Dayem et al., 2010] . Though variation in monsoon strength has been related to the height and/or extent of both the Himalaya and the Tibetan Plateau [Kutzbach et al., 1993; An et al., 2001] , the role topography plays in the timing and intensity of the Asian monsoon is debated [Boos and Kuang, 2010] . A better understanding of the monsoon's contribution to precipitation across the Tibetan Plateau (and vice versa) is not only important for research on climate and elevation histories of Asia, but for accurate predictions of climate change's effect on the Asian monsoon [Thompson et al., 2000] . This is especially relevant for the billions of people that depend on monsoon rains to sustain agriculture and their economy [Tao et al., 2004; Gadgil and Rupa Kumar, 2006] .
[4] Here, we present new stable isotope data (d 18 O and d 2 H) from modern surface waters collected on a south-north transect along the eastern margin of the Tibetan Plateau (Figure 1 ). Results show an inverse relationship between d
18 O and deuterium excess (d excess) up the windward side of the Himalaya and increase in both d
18 O and d excess northward across the plateau. Results are consistent with published isotopic and climate data from surrounding areas [Garzione et al., 2000a; Tian et al., 2001; Karim and Veizer, 2002; Hren et al., 2009 ; IAEA/WMO, Global Network of Isotopes in Precipitation, 2010, http://wwwnaweb.iaea.org/napc/ih/IHS_resources_gnip.html]. We use a Rayleigh model of vapor distillation modified by evaporation at low relative humidity to evaluate whether recycling can explain observed trends in d
18 O and d excess. Isotopic results are also considered in the context of Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) modeling of regional air mass movement [Draxler and Hess, 1998 ; R. Draxler and G. Rolph, HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) Model, 2010, access via NOAA ARL READY Web site: http://ready.arl.noaa.gov/ HYSPLIT.php] to evaluate the relative contribution of unique moisture sources to precipitation. Consistent trends in d
18 O and d excess across the plateau, regardless of changes in source from east to west, suggest that continental recycling overprints original isotopic signals on the northern plateau. This means that temporal changes in the balance of moisture source contribution to plateau precipitation may not have as , central Himalayan tributaries along transect A-A′ [Garzione et al., 2000a] , and low elevation tributaries of the Brahmaputra (open star) [Hren et al., 2009] . Yu et al. [2007] include precipitation data across the western plateau from New Delhi, Shiquanhe, Gaize, and Hotan. GNIP (Global Network of Isotopes in Precipitation) place names shown as pink circles. Paleoaltimetry studies mentioned in the text are shown as green circles. One is the location of Saylor et al.'s [2009] study, 2 is for Garzione et al. [2000a; 2000b] , 3 is for Rowley et al. [2001] , 4 is for Spicer et al. [2003] , and 5 is for Cyr et al. [2005] and Polissar et al. [2009] . Shaded relief topography derived from satellite data (SRTM from http://srtm.csi.cgiar.org).
profound an effect on the isotopic composition of paleowaters as recycling within this deeply continental setting.
Climate
[5] As the highest and most extensive topographic feature on Earth, the Tibetan Plateau significantly affects atmospheric circulation on a regional, and even global scale [Yanai and Wu, 2006; Wen et al., 2010] . Weather station data indicates that the majority of precipitation falls during the summer months (auxiliary material Figure S1 ) (IAEA/ WMO Web site, 2010) and is the result of both synoptic (plateau) scale and local disturbances [Ueno et al., 2001; Yamada and Uyeda, 2006] .
1 Though less in amount, there is also significant precipitation at high elevations in the Himalaya during winter months [Tian et al., 2005] . On the Tibetan Plateau, evaporation of surface waters and falling raindrops in the air column is significant [Yamada and Uyeda, 2006; Kurita and Yamada, 2008] . During summer months (JJA), average relative humidity on the plateau surface decreases from $85% in the south to $60% in the north (Figure 2 ). The plateau also becomes more isolated from ocean basins northward which results in an increase in the relative contribution of recycled moisture from continental sources to the north.
[6] Precipitation on the plateau may be derived from multiple sources including the Indian Ocean (Indian Monsoon), the Pacific (Southeast Asian Monsoon), the Arctic (northerlies), the Atlantic (westerlies), continental lakes, and/or soil water. The Indian monsoon provides the majority of summer precipitation to the southern Himalaya and transports vapor onto the plateau through deeply incised river valleys like the Brahmaputra and Kali Gandaki [Garzione et al., 2000a; Hren et al., 2009] . A transition from Indian monsoon to continental (westerly and/or northerly) moisture sources northward across the plateau has been inferred from the isotopic composition of rainfall and surface waters [Araguás-Araguás et al., 1998; Tian et al., 2001; Joswiak et al., 2010] . In addition to a latitudinal change in moisture source affinity, an altitudinal distinction has been suggested between continental (westerly or northerly) [Kalnay et al., 1996] . derived air masses dominating high elevation precipitation (snow) in the Himalaya and Indian monsoonal (southerly) air masses dominating relatively low elevation precipitation in the Himalayan foreland and up longitudinal valleys in southern Tibet [Tian et al., 2005; Barros et al., 2006] . This study presents isotopic results from the plateau's eastern margin which is both closer to the Pacific Ocean and deeply incised by major transverse rivers draining southeastward off the plateau (Figure 1 ).
Oxygen and Hydrogen Isotopes of Surface Water
[7] River and stream water may consist of precipitation and/or groundwater, depending on the amount of recent rainfall and size of the catchment. Smaller catchments will be more affected by recent precipitation events than large rivers [Salati et al., 1979] . Though there is uncertainty in the spatial and temporal distribution of precipitation represented in river water, its tendency to integrate precipitation makes it a better representation of monthly or annual weighted averages than individual precipitation events [Kendall and Coplen, 2001] . In the absence of long-term precipitation records, we compare modern river water to geologic proxies for paleowaters which tend to integrate the isotopic composition of surface water over both space and time [Gile et al., 1966; Breecker et al., 2009] .
[8] A definable relationship between elevation and the isotopic composition of meteoric water (d 18 O and d 2 H) exists on the windward side of the Himalaya, conforming to a simple Rayleigh distillation model of air mass depletion [Quade et al., 2007; Rowley and Garzione, 2007] . This relationship is attenuated by subcloud and surface water evaporation on the Tibetan Plateau which lies in the Himalayan rainshadow [Tsujimura et al., 2001; Gat and Airey, 2006; Yamada and Uyeda, 2006; Yang et al., 2007a] . Variability in the relative contribution of unique moisture sources to precipitation across the Tibetan Plateau may also affect d 18 O and d 2 H values [Araguás-Araguás et al., 1998; Tian et al., 2001; Yang et al., 2006; Yu et al., 2007; Joswiak et al., 2010] . Thus, temporal shifts in the isotopic composition of paleowaters preserved in the geologic record may be related to changes in a region's topography, climate, and/or source(s) of moisture [Chamberlain and Poage, 2000; Garzione et al., 2000a; Graham et al., 2005; Kent-Corson et al., 2009] .
[9] A deuterium excess (d excess) in water results from fractionation of isotopes during phase changes due to vapor pressure differences among H 2 O molecule isotopologues and differences in diffusion rates among isotopologues where relative humidity <100% [Stewart, 1975; Froehlich et al., 2002] . Deuterium excess (d excess) was defined by Dansgaard [1964] as a function of deuterium ( 2 H) and heavy oxygen ( 18 O) in water:
[10] The global average d excess in precipitation was found to be about 10‰. Vapor derived from the eastern Mediterranean Sea is known to have significantly higher d excess values ($20‰) compared to vapor derived from the Indian or Pacific Oceans ($10‰) [Gat and Carmi, 1970] . For the Himalaya and Tibetan Plateau, relatively high d excess values in meteoric water have been used to infer Mediterranean or westerly derived vapor [Karim and Veizer, 2002; Tian et al., 2005 Tian et al., , 2007 Hren et al., 2009] . However, d excess values have also been shown to vary significantly based on local environmental conditions, such as the temperature of condensation, amount of subcloud evaporation during rainout, and degree of local moisture recycling [Jouzel and Merlivat, 1984; Gat and Airey, 2006; Liotta et al., 2006; Froehlich et al., 2008; Kurita and Yamada, 2008; Cui et al., 2009] .
Paleoclimate, Paleoelevation, and Paleogeography
[11] High topography in the Himalaya was likely generated soon after the initiation of Indo-Eurasian convergence $45-55 Ma [Rowley, 1996; Searle et al., 1997; Zhu et al., 2005] . Stable isotopes (d 18 O and d 13 C) of sedimentary carbonates, speleothems, fossil teeth, and fresh-water bivalves have all been used to constrain the isotopic evolution of paleowaters throughout Asia. In the Himalaya and southernmost Tibet, south of the Indus-Tsangpo suture, sedimentary carbonates suggest current elevations were attained by the late Miocene [Garzione et al., 2000b [Garzione et al., , 2000a Rowley et al., 2001; Saylor et al., 2009] (Figure 1 ). Paleotemperatures from fossil leaves also indicate southern Tibet, north of the Indus-Tsangpo suture, has been high since at least $15 Ma [Spicer et al., 2003] .
[12] Ranges on the northern and northeastern Tibetan Plateau were likely elevated by the Eocene or latest Oligocene considering that crustal shortening and basin development were well underway along the Altyn Tagh fault [Yin et al., 2002; Ritts et al., 2004] and in the Hoh Xil, Qaidam, and Minhe-Xining Basins Zhou et al., 2006; Zhu et al., 2006; Yin et al., 2008] . The presence of high topography on the northeast margin of the Tibetan Plateau by the late Eocene is also inferred from pollen in lacustrine sediments [Dupont-Nivet et al., 2008] . Stable isotopes from the Tarim and Qaidam basins along the plateau's northern margin also suggest significant topography existed in basinbounding ranges by the end of the Paleogene [Kent-Corson et al., 2009] Quade et al., 2007; Yu et al., 2008; Molnar et al., 2010] . Because it can be difficult to distinguish between temporal changes in climate and/or elevation as the forcing behind shifts in isotope records, it is helpful to consider isotopes in the context of other proxies.
[13] Arid conditions in the Asian continental interior could have been caused by surface uplift of surrounding ranges, global cooling, the retreat of an epicontinental sea (Paratethys), and/or meridional plate drift into relatively dry, subtropical latitudes. Eolian deposits throughout China have been interpreted to result from cooling and drying of the Asian interior Guo et al., 2002; Sun et al., 2010] . On the western loess plateau, Garzione et al. [2005] documented earliest loess deposition to $29 Ma, not long after playa deposits become prominent in northeastern Tibet $34 Ma [Dupont-Nivet et al., 2007] . This may post-date retreat of an epicontinental sea (Paratethys) from the western Tarim Basin in the late Eocene [Bosboom et al., 2010] , though marine sedimentary rocks have been documented in the Qaidam Basin as late as the middle Miocene [Ritts et al., 2008] . Climate modeling suggests that a marine regression would lead to a stronger Asian monsoon and cooling of the continental interior [Ramstein et al., 1997; Zhang et al., 2007] . Pollen from the Qaidam Basin also suggest that a relatively dry period persisted from Eocene to Oligocene time, which Wang et al. [1999] attribute to meridional plate movement.
Methods

Modern Stream Water
[14] Water samples were collected in August of 2008 across the Tibetan Plateau from north to south (Figure 1 and Table 1 ). There were no significant precipitation events during our week of sampling, so surface waters are assumed to reflect summertime-integrated rainfall and groundwater composition. Surface water was collected from a wide variety of catchments including both small tributaries and large rivers. All samples were stored in plastic vials sealed with Teflon tape and refrigerated until analysis. Snow samples were allowed to melt in sealed vials. Oxygen isotopic analyses were conducted at the University of Rochester SIREAL laboratory. For oxygen analyses, $0.5 mL of each water sample was loaded into a 12 mL Exetainer™ and flushed with a mixture of 0.3% CO 2 and UHP helium. Tubes were allowed to equilibrate for at least 18 h at ambient room The centroid is defined as the geographic center of a catchment upstream from a stream or river sample site. The centroid is the coordinate used in Figure 3 for data from this study.
temperature prior to analysis. Headspace CO 2 gas was then drawn into a Thermo Delta plus XP mass spectrometer in continuous-flow mode via a Thermo Gas Bench peripheral and a GC-PAL autosampler for analysis. The d
18 O results are normalized using internal laboratory standards calibrated to Vienna Standard Mean Ocean Water (VSMOW) and Standard Light Antarctic Precipitation (SLAP) with 2s uncertainties of 0.20‰. Hydrogen D/H ratios were analyzed at the University of Arizona using a dual-inlet mass spectrometer (Delta-S, Thermo Finnegan, Bremen, Germany) equipped with an automated chromium reduction device (H-Device, Thermo Finnegan) for the generation of hydrogen gas using metallic chromium at 750°C. Standardization was based on internal standards referenced to VSMOW and VSLAP. Precision is better than AE1‰ for d 2 H.
HYSPLIT Modeling
[15] We have used the HYbrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT) together with reanalysis model output from the Global Data Assimilation System (GDAS) data set [Draxler and Hess, 1998; National Oceanic and Atmospheric Administration, 2010; Draxler and Rolph, Web site, 2010] run at T170 horizontal resolution ($75 km) to compile an inventory of the origin of precipitation-producing air masses for six locations along a roughly south-north transect coinciding with sample locations, and for three sites along a parallel transect across the central plateau. The HYSPLIT algorithm and the GDAS data set are well documented in the above references.
[16] For each of the six locations, 10-day (240-h) back trajectories were computed every 12 h for the years [2004] [2005] [2006] [2007] [2008] [2009] . In this paper we show precipitation-producing 72-h back trajectories that were initialized 1km above ground level during the months of June, July, and August. This filtering is done to (1) focus on vapor-rich air parcels, as most water vapor in the atmosphere is within 0-2 km above ground level [Wallace and Hobbs, 2006 ; section 2.2], (2) limit results to air masses that have not undergone substantial recycling, as the average lifetime of water vapor in the atmosphere is several days to a week [Wallace and Hobbs, 2006, section 9.3] , and (3) focus on months that receive the most precipitation (auxiliary material Figure S1 ). Results are consistent with other reasonable choices for initialization altitude (100 m, 500 m, 1 km, and 2 km) and duration of back trajectory (24 to 240 h). Trajectories are considered precipitation-producing if there is precipitation from the air parcel within twelve hours of reaching the location of interest.
[17] Others have used HYSPLIT together with water isotope measurements to diagnose the origin and isotopic signature of precipitation-producing air masses with considerable success [e.g., Buda and DeWalle, 2009; Sjostrom and Welker, 2009; Breitenbach et al., 2010] . More broadly, HYSPLIT is used to determine the origin and chemistry of precipitation-producing air masses worldwide [e.g., Jorba et al., 2004; Butler et al., 2001; Zunckel et al., 2003] . Nevertheless, there are two primary limitations to this analysis. First, it is based on winds derived from the GDAS reanalysis and is therefore subject to any errors in the GDAS data set. Reanalysis models utilize both observations and a global-scale numerical weather model to give the community's best estimate of the global atmosphere. However, they are subject to errors especially in regions of rugged terrain and where observations are limited [Kalnay et al., 1996] . Second, HYSPLIT is an air-parcel, not a water vapor, back trajectory algorithm. The addition and removal of water vapor from the air mass is not included in this analysis so we cannot infer the relative importance of local moisture sources to precipitation. Limitations are ameliorated because we calculate thousands of trajectories, focusing on bulk and large-scale characteristics rather than any single trajectory.
Results
Stable Isotopes of Surface Water
[18] The southernmost samples in this transect were collected in the high Himalaya along the upper reaches of the Brahmaputra drainage (Figure 1 ). The d
18 O values are significantly more negative (average = À15.7‰) compared to lower elevation sites in the Himalayan foreland (average = À6.7‰ from Hren et al. (Table 1) , which is a slightly lower lapse rate compared to the central Himalaya (À2.9‰/km from Garzione et al. [2000a] ).
[19] Samples from high elevations in the Himalaya show relatively high d excess values (average = 12.3‰) compared to low elevation (<1000 m) stream water in the Himalayan foreland (average = 7.3‰ from Garzione et al. [2000a] ) and precipitation in New Delhi (long-term weighted average = 8.9‰ from IAEA/WMO (Web site, 2010)) ( Figure 6 ). These low elevation data contrast anomalously high d excess values from low elevation tributaries of the Brahamaputra sampled in early February (average = $14.5‰ from Hren et al. [2009] ), likely reflecting the unique isotopic signature of winter precipitation in the Himalaya [Tian et al., 2005] . These results suggest that there is an inverse relationship between d
18 O and d excess up the windward side of the Himalaya, observed along its length from the Indus to Brahmaputra Rivers [Garzione et al., 2000a; Karim and Veizer, 2002] .
[20] From the high Himalaya into southern Tibet, d excess of surface water decreases significantly from an average of 12.3‰ to $8.5‰, without an associated change in d 18 O (Table 1) . This shift occurs across the Salween River which is the threshold delineating catchments that draw from Himalayan precipitation with high d excess and those that source more arid regions on the plateau with lower d excess. A visible change in climate is also observed along the road (highway 318) as one travels through the Salween drainage into the Brahmaputra drainage.
[21] Across the Tibetan Plateau, there is no apparent relationship between latitude and d excess when all stream and river water samples are considered. However, when the data set is filtered to only include large rivers (catchments >1000 km 2 ), we observe a systematic increase in d excess from $8.5‰ in the southern plateau to $14‰ in the north (Figure 4b ). Smaller streams and tributaries show pronounced variation in d excess over small distances, likely because they are affected by local variations in climate and topography [e.g., Barros et al., 2006; Froehlich et al., 2008] that larger catchments may effectively average out. River water d excess values from Tian et al. [2001] on the central plateau agree surprisingly well with our results, with the exception of one uniquely low value ($7‰) from the Amdo River at $32.3°latitude, which is excluded from our regression (Figure 4b) . A progressive increase in d excess from south to north is consistent among data sets across the entire plateau Yu et al., 2007] .
[22] The d 18 O values of surface water also increase by $1.5‰ per degree latitude northward across the plateau (R 2 = 0.94) (Figure 3 ). This is consistent with parallel transects further west in the central plateau which also show a composite lapse rate of $1.5‰ per degree latitude [Quade et al., 2011] . Snow samples track surface water d
18 O closely on the plateau, as the average difference between snow samples and their nearest surface water samples is <1‰ (Table 1) . However, d excess values from snow are consistently much higher (average $20‰) than surface water sampled nearby (Table 1) .
Rayleigh Distillation Model for the Tibetan Plateau
[23] Rayleigh distillation of an air mass under equilibrium conditions without local evaporation or advection of additional vapor from outside the system causes a progressive decrease in the d
18 O value of precipitation [Rozanski et al., 1993; Gat, 1996] . Subcloud evaporation of raindrops can significantly attenuate this decrease in d 18 O. However, evaporation in the air column causes d excess of precipitation to decrease which is not consistent with observations on the Tibetan Plateau [Gat and Airey, 2006; Froehlich et al., 2008] . Here, we test whether recycling of relatively enriched surface waters can account for the observed increase in both d
18 O and d excess with latitude across the Tibetan Plateau (Figures 3 and 4b) with a model of Rayleigh distillation modified by surface water evaporation.
[24] We model the isotopic evolution of a vapor mass that experiences six precipitation events where 20% of available vapor condenses as precipitation at each step [Fankhauser, 1988; Schoenberg Ferrier et al., 1996] . Refer to the Appendices A and B and auxiliary material Table S1 for a detailed explanation of model input parameters and calculations. We note that the number of precipitation events has no significant effect on the model output, and results would be similar if a larger number of steps were used. Six precipitation events were chosen to reflect the six sites for which we carried out back trajectory analysis using HYSLIT. We use the Rayleigh distillation equation (equation (A1) in Appendix A) to calculate the isotopic composition of reservoir and product phases after precipitation and/or evaporation. We assign the vapor mass an initial d
18 O value of À27.7‰ and d 2 H value of À209‰ which produces a first rain with d 18 O of À18.1‰ and d excess of $7.6‰, matching observation on the southern Tibetan Plateau (Figures 3 and Figure 4b ). Temperatures of condensation across the plateau are based on the dew point, which is calculated from surface temperature and relative Open diamonds represent river water samples from the high eastern Himalaya which is at the same latitude as samples from the central Tibetan Plateau due to the arcuate shape of the Himalayan front. Open circle is a sample from the high central Himalaya . The regression (Figure 4b ) is made through all samples from the Tibetan Plateau (closed diamonds and circles). The river sample represented by an open star was not included in the regression as its uniquely low value is not likely to represent regional trends. The geographic center of catchments (centroid) was not used because this information is unavailable for the Tian et al. [2001] data set. See Figure 1 for the location of each transect. humidity using NCEP/NCAR reanalysis data. The temperatures of evaporation from surface water are estimated from soil water [Yamada and Uyeda, 2006; Yang et al., 2007b] and surface air temperatures [Yu et al., 2006 ; National Oceanic and Atmospheric Administration, 2010] during summer months (JJA). The change in relative humidity across the plateau (Figure 2 ) is used to calculate kinetic fractionation (equation (A5) in Appendix A) associated with evaporation of surface water [e.g., Gonfiantini, 1986] . Surface water may include lakes, streams, and soil water, all of which recycle moisture back into the atmosphere. Lakes on the Tibetan Plateau can have d
18 O values that are $10-15‰ more positive than local precipitation while soil water has been shown in Hawaii to be $5‰ more positive than stream water [Hsieh et al., 1998 ]. In Xinjiang, soil water evaporation contributes an order of magnitude less moisture to the atmosphere compared with lake and stream water [Pang et al., 2011] . Therefore, we use published lake water isotopic values for the recycled fraction on the plateau, recognizing that stream and soil water evaporation may mitigate the effects of surface water recycling. The surface water reservoir is set to be 2 orders of magnitude larger than the vapor mass as the volume of surface water on the Tibetan Plateau far exceeds the volume of water vapor in the atmosphere. Increases in the relative size of the surface water reservoir beyond 2 orders of magnitude have no significant effect on isotopic results. The evaporative flux from surface waters is determined by the recycling ratio for each step, defined as the ratio of locally evaporated (continental) to advected vapor (oceanic) in the air mass [Brubaker et al., 1993; Trenberth, 1999] . Model results show that Rayleigh distillation modified by surface water recycling causes both 18 O must increase downwind, (2) The recycled fraction of moisture in precipitation (the recycling ratio) must increase downwind, and (3) Relative humidity at the surface must decrease downwind.
Model of Rayleigh Distillation in the Himalaya
[25] In the case of the windward side of the Himalaya, it has been shown that there is an inverse relationship between 18 O and the recycling ratio must both increase downwind while relative humidity decreases. A detailed discussion of model parameters and calculations can be found in Appendix A and auxiliary material Table S1 .
18 O values of meteoric water and elevation [Garzione et al., 2000a] , consistent with Rayleigh distillation of vapor as it is orographically lifted and adiabatically cooled by the range front. Surface water data from this study and others [Garzione et al., 2000a; Karim and Veizer, 2002] suggest that d excess co-varies with elevation along the same transects. We model the isotopic composition of precipitation distilled at progressively colder temperatures (27.5°C to À7°C) from the Himalayan foreland to the high Himalaya using initial d 18 O and d excess values of À8.4‰ and $8‰ respectively, based on low elevation surface water reported by Garzione et al. [2000a] . Temperatures of condensation are approximated as the surface dew point temperature (equation (A2) in Appendix A) using the mean summer (JJA) surface air temperature (T) at New Delhi (the Himalayan foreland) and at $6000 m near Mt. Qomolangma (Everest) which are $31.5°C and $À3°C respectively [Xie et al., 2006; IAEA/WMO Web site, 2010] , and the relative humidity (RH) at both sites which is $80% (Figure 3) . Results show that Rayleigh distillation, assuming equilibrium fractionation at progressively colder temperatures of condensation, causes d excess to increase in precipitation, consistent with observations in the Himalaya (Figure 6 ). Other possible reasons for the observed increase in d excess with elevation are discussed in section 5.1.1.
HYSPLIT Modeling of Air Mass Contribution
[26] The climatology of precipitation-producing back trajectories is shown for six locations in Figure 7a . For each panel in Figure 7a , a large red square corresponds to the location of interest for all back trajectories. The small dots correspond to the location of each air parcel 72 h before reaching the location of interest, and gray shading indicates the density of these dots. Trajectories were calculated twice a day for summer months (JJA), from 2005 to 2009. Therefore, 920 total trajectories were computed at each location, and only the precipitation-producing trajectories are shown.
[27] Along the south-north transect, there is a general preference for air to emanate from one of three directions, which we refer to as the southerly (coming from the south), northwesterly, and easterly source regions. It is notable that none of the back trajectories extend to an ocean, which is a strong indication that continental recycling of moisture is significant. On the southern and central plateau (the 3 southern-most sites), almost all air masses arrive from the southerly source region. On the northeast margin of the plateau, however, the southerly source region plays a much smaller role; in these regions, easterly and northwesterly sources dominate. In the lower elevation region beyond the northeastern margin of the Tibetan Plateau (the 2 northern-most sites), air masses are derived exclusively from easterly and northwesterly sources. We also calculate back trajectories along a meridional transect in the central Tibetan Plateau shown in Figure 7b . These back trajectories are analagous to those along the eastern transect in that they show a predominantly southerly source across at least two thirds of the width of the Table S1 for model parameters and calculations). plateau, with one notable exception: the central Tibetan Plateau does not show an easterly source region.
[28] The back trajectories indicate flow patterns that are reasonable for atmospheric circulations in this region. For example, there is a systematic decrease in the number of precipitation-producing trajectories from the south to the north, consistent with observations of precipitation amount across the plateau (IAEA/WMO Web site, 2010). In addition, the trajectories have preferred source regions, but these source regions are quite diffuse indicating that atmospheric flow patterns are variable. One surprising result is that the most southerly trajectories in the eastern Tibetan Plateau transect emanate from a small region in the Brahmaputra delta (Figure 7a) , whereas in the central transect, these southerly trajectories are more widely distributed. While this strong localization on the eastern Tibetan Plateau is certainly possible, this may be a model artifact; small errors in modeled winds near steep topography could give rise to this phenomenon. Regardless, there is no doubt that the southerly trajectories emanate from south of the Himalaya. Though it seems likely that northwesterly back trajectories are ultimately derived from midlatitude westerlies with origins in the Atlantic and/or Mediterranean, it is also possible that they are related to Pacific-derived vapor that makes its way around the northeast margin of the Tibetan Plateau. Distinguishing between these possibilities is beyond the scope of this study. Figure 7a . These 3 back trajectory sites follow a roughly parallel transect on the central Tibetan Plateau similar to that described by Tian et al. [2001] . The 2-D histograms represent air parcel origin density. Again, the dark black outline is the 3500 m elevation contour.
2000a; Tian et al., 2001; Karim and Veizer, 2002; Quade et al., 2007; Yu et al., 2007] . However, HYSPLIT back trajectories along the eastern plateau transect (Figure 7a ) show an easterly source region which is absent within the central plateau transect (Figure 7b (Figure 3) , consistent with Rayleigh distillation of vapor as it is orographically lifted and adiabatically cooled. This trend is now documented along the Himalayan front [Garzione et al., 2000a; Karim and Veizer, 2002; Hren et al., 2009] , around the eastern syntaxis [Hoke et al., 2008] , and up the plateau's eastern margin [Yu et al., 1984] . Tributaries (catchments <1000 km 2 ) on the northeast margin of the Tibetan Plateau (latitude >35°) show an isotopic lapse rate of À2.1‰/km with R 2 = 0.85 (Table 1) . However, this isotopic lapse rate decreases to only À0.8‰/km (R 2 = 0.53) when corrected for changes in d
18 O with latitude (discussed in section 5.1.3).
[31] Considering that this region receives the majority of its precipitation during the summer months (JJA) (auxiliary material Figure S1 ) and that the Himalaya and eastern margin of the Tibetan Plateau are proximal to the Bay of Bengal and South China Sea, the majority of precipitation in these areas is likely ultimately derived from the Indian and east Asian monsoons. However, high d excess values throughout the high Himalaya (average = 12.3‰ from this study) relative to lower elevations in the Himalayan foreland ( Figure 6 ) suggest that a significant amount of high elevation precipitation may be transported to the region during the winter and early spring by westerlies from a Mediterranean source [Karim and Veizer, 2002; Tian et al., 2005; Hren et al., 2009] as it is on the northwestern flank of the Tian Shan [Numaguti, 1999] . This is consistent with studies in the Himalaya and elsewhere that suggest unique sources of precipitation may be prevalent at different elevations along range fronts [Holdsworth and Krouse, 2002; Barros et al., 2006] .
[32] However, it is also possible that progressively lower temperatures of condensation at higher elevations in the Himalaya also cause d excess values to increase as predicted by Rayleigh distillation under equilibrium conditions (see dashed curve in Figure 6 , Appendix B, and Table S1 ) [e.g., Jouzel and Merlivat, 1984] . The same relationship between elevation and d excess is observed in precipitation up the windward side of the Andes [Gonfiantini et al., 2001] and in Antarctica [Petit et al., 1991] , indicating that a Mediterranean source for the high d excess of precipitation is not a unique explanation for these trends. Instead, low relative humidity over oceanic source regions during winter months may cause an increase in d excess of high elevation precipitation worldwide [Jouzel et al., 1997] . Other local processes may also contribute to relatively high d excess values in the high Himalaya such as local moisture recycling, reduced subcloud evaporation, and/or increased contributions from orographic fog [Liotta et al., 2006; Scholl et al., 2007; 
The Himalayan Rainshadow
[33] On the leeward side of the Himalaya, results show that d excess values of surface water shifts by À3.8‰ from an average of 12.3‰ in the high Himalaya to 8.5‰ immediately north (Table 1) , consistent with a shift from high d excess snow on Qomolongma (Mt. Everest) (>10‰) to lower values in precipitation (4.1‰) just $50 km north in Tingri [Kang et al., 2002] . Low d excess values for surface water are also observed along the upper Yarlung Tsangpo river (average = 4‰ from Hren et al. [2009] ) located less than 200 km north of the Himalayan crest, and in river water south of the Tanggula Mountains on the central Tibetan Plateau (average = 6.6‰) (Figure 4b ) compared to high elevations in the central Himalaya and northern plateau where d excess >10‰ [Tian et al., , 2005 . These studies attribute relatively low d excess values on the southern plateau to monsoon versus westerly derived precipitation, though Kang et al. [2002] suggest local weather conditions may also contribute.
[34] This drop in d excess values may be due to a change in climate from the windward side of the Himalaya into its rainshadow, where evaporation of raindrops falling through a lower humidity air column result in lower d excess values of precipitation [e.g., Araguás-Araguás et al., 1998; Gupta and Deshpande, 2003; Peng et al., 2009] . This effect is demonstrated on the central Tibetan Plateau where d excess of precipitation increases throughout the lifecycle of storms due to moistening of the ground surface and air column which reduces subcloud evaporation [Kurita and Yamada, 2008] . A similar negative shift to relatively low d excess in the rainshadow of the Andes is seen in precipitation from high in the eastern Cordillera ($18‰ from Gonfiantini et al. [2001] ) to La Paz, Bolivia (annual weighted mean = 12.6‰ from IAEA/WMO Web site, 2010), consistent with subcloud evaporation of raindrops over the relatively arid Altiplano.
The Tibetan Plateau
[35] Northward across the plateau, there is a positive trend in meteoric water d 18 O that is linear ($1.5‰ per degree latitude) and robust (R 2 = 0.94) ( Figure 3 ). As we previously noted, this is remarkably consistent with roughly parallel transects further west for both precipitation and surface water Quade et al., 2007; Yu et al., 2007] . Considering the Tibetan Plateau maintains an elevation of $5 km, this trend cannot be attributed to a decrease in elevation. Instead, the steady and consistent increase in d
18
O may reflect an increase in the contribution of westerly and/or continental-derived moisture northward Quade et al., 2007; Yu et al., 2008] .
[36] Our modeling and HYSPLIT results suggest that monsoon-derived precipitation, originating over the Indian and/or South Pacific Ocean, dominates the hydrological budget of the southern, eastern, and possibly central Tibetan Plateau. This is consistent with the observation that precipitation on the Tibetan Plateau and its margins falls predominantly during summer months (auxiliary material Figure S1 ), which generally coincides with Indian and east Asian monsoon rainfall.
[37] HYSPLIT back trajectories are consistent with the interpretation that the original oceanic source of moisture changes from the southern to northern Tibetan Plateau Quade et al., 2007; Yu et al., 2008] . However, HYSPLIT results also suggest that the relative contribution of air masses derived from unique source regions varies across the plateau from east to west (Figures 7a and 7b ) despite consistent trends in both d
O and d excess along parallel N-S transects (Figures 3 and 4b) Yu et al., 2007] . Accordingly, it is possible that an increasing fraction of recycled surface water in precipitation from south to north across the plateau is causing the observed positive trend in d
18 O, regardless of changes in original oceanic source.
Air Mass Mixing Models for the Northern Tibetan Plateau
[38] Air mass mixing models, where multiple vapor sources with distinct isotopic signatures mix in different proportions across the plateau, have been used to explain the trends in both d excess and d
18 O for the Himalaya and Tibetan Plateau [Karim and Veizer, 2002; Yang et al., 2006] . However, Mediterranean ($20‰) [Gat and Carmi, 1970] , Indian and Pacific Ocean ($10‰), and Arctic (<10‰) [Dansgaard, 1964] end-members should be used with caution because it has been demonstrated that d excess is substantially affected by processes during transport in this region [Numaguti, 1999; Gupta and Deshpande, 2003; Yamada and Uyeda, 2006; Kurita and Yamada, 2008] . That said, sites along the western edge of the Pamir plateau and Tian Shan receive precipitation primarily during winter and/ or spring months (auxiliary material Figure S1 ), consistent with seasonal precipitation in the Mediterranean basin (IAEA/WMO Web site, 2010). Urumqi (Wulumuqi), China, is a Global Isotopes in Precipitation (GNIP) site located in the Tian Shan that intercepts westerlies [Aizen et al., 1997; Tian et al., 2007; Pang et al., 2011] en route to the Tibetan Plateau. It has an extended rainy season with precipitation falling primarily during the spring and summer (auxiliary material Figure S1 ). Urumqi's amount weighted average d excess for spring (MAM) is $11.7‰ and summer (JJA) is $8.5‰, both consistent with Arctic or monsoon derived moisture (IAEA/WMO Web site, 2010). Winter precipitation (DJF) d excess is much higher at $21‰ (IAEA/WMO Web site, 2010), more typical of Mediterranean (westerly) sourced precipitation. This is consistent with HYSPLIT back trajectories that show the northwesterly source region is more prevalent in the winter months compared to summer months (not shown). Though the winter is relatively dry in Urumqi and on the Tibetan Plateau, it is possible that the relative contribution of winter-time precipitation via westerlies increases northward across the Tibetan Plateau. However, to fully account for the increase in d excess observed in surface water northward across the plateau that reaches a maximum of $14 to 16‰ (Figure 4) , winter precipitation would have to provide $50% of the annual total. This assumes equal mixing between winter ($20‰) and summer ($10‰) end-members and is inconsistent with records around the plateau margins that show the majority of precipitation falls during summer months, though precipitation during winter months may be significant at high elevations on the northern plateau, as is observed in the high Himalaya (auxiliary material Figure S1 ) [Tian et al., 2005] .
Implications for Paleoclimate and Paleoelevation Reconstructions
[39] The modern d 18 O versus elevation lapse rate up the Himalaya (À2.9‰/km from Garzione et al. [2000a] ), caused by Rayleigh distillation of an air mass under near equilibrium conditions, is likely to apply to paleowaters in the protoHimalaya if precipitation was derived from a nearby ocean under similar temperature and relative humidity conditions [Rowley and Garzione, 2007] . Given the low latitude setting, this appears to be the case at least since collision with Eurasia $45-55 Ma [Rowley, 1996; Searle et al., 1997; Zhu et al., 2005] as either the Neo-Tethys or Indian Ocean has been directly south of Eurasia throughout the Cenozoic [Scotese et al., 1988; Ali and Aitchison, 2008] . Though it has varied in intensity, the monsoon was likely active throughout the entire Cenozoic as the persistence of a high ($4000 m) proto-Himalaya alone may be enough to drive Indian monsoon circulation [Boos and Kuang, 2010] .
[40] The isotopic composition of surface water on the northeast margin of the Tibetan Plateau is on average $6‰ more positive compared to similar elevations in the Himalaya (Figure 3 and Table 1 ). Our results suggest that this may be due to a large continental recycled fraction in precipitation on the northern plateau. This northward increase would be reduced by the existence of an inland sea in communication with the ocean, such as the Paratethys seaway, as has been documented in the Tarim Basin during late Cretaceous, Paleogene, and as recently as middle Miocene time [Wang et al., 1992; Ritts et al., 2008; Bosboom et al., 2010] . The effect an inland sea would have on d
18 O values might not be substantial considering that sites in the Mediterranean Basin (an analog that might resemble marine conditions in the Tarim Basin) show precipitation d
18
O values near À8‰ at $1000 m elevation Liotta et al., 2006] , similar to modern surface water on the northeast margin of the Tibetan Plateau (Figure 3) .
[41] When the latitudinal change in the d
O values of modern meteoric water is incorporated into paleoelevation estimates for the central and northern plateau, the effect is significant. We take a similar approach to that of Quade et al. [2011] to quantify this effect for the northern Tibetan Plateau. Fenghuoshan carbonates from the Hoh Xil Basin, currently at $5000 m on the northern Tibetan Plateau, suggest paleowater d
18 O was an average of À9.7‰ AE 2.1 during EoceneOligocene time [Cyr et al., 2005] . This should be considered a minimum value as these rocks have undergone significant thermal alternation [Polissar et al., 2009] [Zachos et al., 2001] likely caused a wholesale increase in the isotopic composition of global precipitation. This consideration decreases paleoelevation calculations, increasing estimates of elevation gain. Correcting for the isotopic composition of ocean water at low latitude due to less ice volume in the late Eocene (À2‰ from Zachos et al. [1994 Zachos et al. [ , 2001 ) gives a revised paleoelevation of $800 m. Assuming precipitation was primarily sourced from the south (Neo-Tethys) with an increasing recycled fraction inland as is observed today, a third correction can be applied using the modern latitude-d
18 O relationship ($5°latitude causes d
O to increase by $7.7‰ from Figure 3 ) which increases the paleoelevation estimate substantially to $3500 m. This is $1500 m lower than the Hoh Xil Basin today, but much higher than the paleoelevation estimate by Cyr et al. [2005] Zachos et al. [2001] ) and applying the same correction for the latitudinal change ($7.7‰ from Figure 3) gives a paleoelevation estimate similar to modern of $5100 m, considerably higher than the $3500-4000 m calculated by Polissar et al. [2009] . Both estimates suggest that the northern Tibetan Plateau rose by $1500 m from late Eocene to Miocene time. The assumption that continental recycling has had as profound an effect on isotopes on the northern Tibetan Plateau in the past as it does today results in higher paleoelevation estimates throughout the history of the plateau.
Conclusions
[43] We constrain mechanisms responsible for the isotopic evolution of meteoric water across the Himalaya and Tibetan Plateau by considering new surface water data in the context of a simple Rayleigh distillation model and HYSPLIT air mass back trajectories. Surface water d
O and d
2 H results from a roughly south-north transect on the eastern margin of the Tibetan Plateau are consistent with trends observed further west and along the plateau margins (Figure 1) . Specifically, results corroborate consistent d
18 O lapse rates along the eastern and southern margins of the Tibetan Plateau and Himalaya respectively that are also close to the global average [Garzione et al., 2000a; Poage and Chamberlain, 2001] . Results show a linear and robust relationship between d 18 O and latitude (Figure 3) , as has been documented on the central Tibetan Plateau Quade et al., 2007 Quade et al., , 2011 . Covariance between d excess and latitude is also observed along the same transects (Figure 4) .
[44] A simple model of vapor evolution that undergoes Rayleigh distillation modified by recycling of surface water can explain both trends in d 18 O and d excess across the plateau ( Figure 5 , Appendix A, and auxiliary material Table S1 ). While the relative contribution of unique moisture sources to precipitation may vary across the region and at different altitudes [Tian et al., 2005 , an increased recycled fraction of precipitation inland seems to dominate the isotopic composition of meteoric water on the Tibetan Plateau based on consistent trends in both d
18 O and d excess along parallel transects on the eastern and central plateau (Figures 3 and 4b) , regardless of variation in air mass mixing (Figures 7a and 7b) .
[45] Though the intensity of the Asian monsoon has fluctuated [Molnar, 2005; Sun and Wang, 2005] , the persistence of a proto-Himalaya and proximity of a southern ocean [Scotese et al., 1988; Ali and Aitchison, 2008] since the Eocene likely resulted in monsoon circulations [Boos and Kuang, 2010] . Thus, recycling of vapor in the rainshadow of the Himalaya should be considered when estimating temporal changes in elevation from isotopes of paleowaters, with the understanding that marine transgressions into the Tarim Basin may disrupt the modern trend. The paleoelevation of the Hoh Xil Basin on the northern Tibetan Plateau is recalculated to account for the modern latitudinal d
18
O gradient, giving a corrected paleoelevation $1500 m below modern during Eocene-Oligocene time ($3500 m versus $2040 m from Cyr et al. [2005] ) and elevations similar to modern in the Miocene. This implies that both the northern and southern Tibetan Plateau were topographically high soon after collision with India, consistent with a model of contemporaneous near and far-field lithospheric deformation [Dayem et al., 2009] Table S1 . The model starts with a vapor mass of dimensionless size = 1 that experiences six precipitation events where 20% of available vapor condenses as precipitation at each step. 20% is a conservative estimate based on modeling of rainfall to condensation ratios [Schoenberg Ferrier et al., 1996] and measurements of precipitation amount relative to vapor entering a storm [Fankhauser, 1988] . Changing the number of precipitation events does not significantly affect model output if the initial and final vapor mass sizes are the same for both cases. We assign the air mass an initial d
O value of À27.7‰ and d 2 H value of À209‰ which produces a first rain with d
18 O of À18.1‰ and d excess of $7.6‰, matching observation on the southern Tibetan Plateau (Figures 3 and 4b) . The isotopic composition of reservoir and product phases are calculated using the Rayleigh distillation equation for an air mass undergoing condensation,
R is defined as 18 O/ 16 O or 2 H/H in the residual reservoir, R o is the initial isotopic ratio of the reservoir before fractionation, f is the fraction remaining, and a is the equilibrium fractionation factor which is empirically defined based on the phase change and temperature [Majoube, 1971] . Temperatures of condensation are approximated from the surface dew point (T d ) which is calculated across the plateau using the simple relationship [Lawrence, 2005] 
[47] According to NCEP/NCAR reanalysis data, mean surface temperatures (T) during summer months (JJA) decrease from $10°C on the southern plateau to $5°C on the central plateau, and then increase to $15°C on its northeast margin [Kalnay et al., 1996] . Relative humidity (RH) decreases monotonically from $85% to 60% along the same south-north transect (Figure 3) . Equation (A1) 18 O value of precipitation. Because we estimate 20% of vapor condenses as rain, f = 0.8. The fractionation factor between vapor and liquid water at 7°C is $1.010995868 [Majoube, 1971] . Solving equation (A1) for the residual vapor (R) and converting this into delta notation using equation (A3) [48] After precipitation, we assume surface water evaporates and is integrated into the vapor mass. The isotopic composition of surface water is based on lake water across the Tibetan Plateau (Table A1) where d
O generally increases from À5‰ on the southern plateau to 3.5‰ in the northeast at Qinhai Lake. Changes in d excess are less wellconstrained as d 2 H data does not exist for many sites. Therefore, we assume a negative d excess trend of À5‰ to À15‰ from south to north across the plateau based on evaporation of lake waters under progressively lower relative humidity (Figure 2 ) [Gat and Airey, 2006] . We set the surface water reservoir to be many times larger than the vapor mass and note that changes in reservoir size do not significantly affect isotopic results. The evaporative flux from surface waters is determined by the recycling ratio for each step, defined as the ratio of locally evaporated (on the Tibetan Plateau) to advected vapor (that which arrives from somewhere outside the plateau) in the air mass [Brubaker et al., 1993; Trenberth, 1999] . This ratio has been shown to reach 80% on the Tibetan Plateau [Numaguti, 1999; Kurita and Yamada, 2008] . We assume that vapor entering the plateau already has a recycled fraction of 30% and then increases by 10% for each of the 5 precipitation event thereafter, reaching 80% on the plateau's northern margin.
[49] Though mean surface air temperature across the plateau averages $10°C for summer months (JJA) [Yu et al., 2006; National Oceanic and Atmospheric Administration, 2010] , soil water temperatures during the afternoon are often between 20°C and 30°C [Yamada and Uyeda, 2006; Yang et al., 2007b ] so we use 20°C as the temperature of surface water evaporation. Because evaporation is occurring at <100% relative humidity (RH) (Figure 2 ), kinetic fractionation is estimated using an equation from Gonfiantini [1986] :
[50] Additional calculations of the d
O of rainfall derived from residual vapor are carried out over five more steps. The d 2 H values are calculated using the same boundary conditions. The only differences are the value of VSMOW ( 2 H/H = 0.00015576), the kinetic fractionation equation (A5), and the fractionation factor (a), also based on work by Majoube [1971] . Deuterium excess (d excess) is also calculated for each precipitation event using equation (1).
Appendix B: Rayleigh Distillation Model for the Himalaya
[51] Calculations are shown in auxiliary material Table S1 . The isotopic evolution of precipitation up the windward flank of the Himalaya is modeled using simple Rayleigh distillation (equation (A3)). The only differences are the starting values of d 18 O and d excess (À8.5‰ and 7.9‰ respectively) which are based on low elevation surface water reported by Garzione et al. [2000a] , the temperatures of condensation which decrease from 27.5°C to À7°C, and relative humidity, which stays at $80%. Temperatures of condensation are estimated from equation (A2) using the mean summer (JJA) surface air temperature (T) at New Delhi (the Himalayan foreland) and at $6000 m near Mt. Qomolangma (Everest) which are $31.5°C and $À3°C respectively [Xie et al., 2006; IAEA/WMO Web site, 2010] , and the relative humidity (RH) at both sites which is estimated from Figure 2. [52] Acknowledgments. We are grateful to Penny Higgins for assistance with stable isotope lab work at the University of Rochester. We also appreciate moral and logistical support from Alison Duvall and Marin Clark in the field. Last, thank you to three anonymous reviewers whose comments greatly improved the manuscript. This work was supported by NSF grants EAR 0506575 and EAR 0908778 to Garzione, China State Key Laboratory of Earthquake Dynamics grant LED2008A01 to Zhang Peizhen, and an NSEP Boren Fellowship to Bershaw. 
